Bacterial genes required for proper partitioning consist of two transacting genes that encode proteins and a cis-acting gene that functions like a centromere. Plasmids actively partitioning by means of these genes migrate from midcell to the cell quarters and are tethered to these sites until the cells divide. Previously the partitioning genes were mainly found on plasmids and phages in Escherichia coli. However, progress in genome sequencing reveals that partitioning genes are ubiquitous in many bacterial plasmids and chromosomes. Each homologue of the two transacting genes belongs to a family, ParA or ParB. Moreover, phylogenic analysis of members of the ParA and ParB families indicates that each member falls into a chromosomal group or an extrachromosomal group. It is known that the parAB genes in the chromosomal group are located on relatively conserved chromosomal regions in several bacterial species. This suggests that the parAB genes were transferred from a chromosome to plasmids and phages, so the genes have diverged among bacterial species. To support this possibility, we show that the Bacillus subtilis Soj and Spo0J members of the ParAB families are responsible for the specific localization of plasmids at cell quarters in E. coli and can function as partition proteins. Host factors to tether actively partitioning plasmids at subcellular sites may be conserved in Gram-negative and Grampositive bacteria so that phages and plasmids with the ParAB partitioning system can be stably inherited in host cells across bacterial species. L ow copy-number plasmids are stably maintained in host Escherichia coli cells because of active partitioning mechanisms; in the cases of F plasmid and P1 phage, which is a plasmid in lysogenized host cells, these are specified by the sopABC and parABS genes, respectively (1). SopA and P1͞ParA are similar in amino acid sequence and function, as are SopB and P1͞ParB. Both sopC and parS are cis-acting sites that function as centromere-like elements. In the case of the sopABC mechanism, the SopB protein binds to sopC. SopA interacts with the SopB-sopC complex to ensure proper segregation. Plasmids actively partitioned by the sopABC or parABS systems are localized at specific subcellular sites throughout the cell-division cycle (2-4). In newborn cells, the plasmids are localized at midcell. Replicated plasmids are then rapidly relocalized at the 1͞4 and 3͞4 positions of cell length. The SopAB-sopC complex probably binds to unidentified host factors that localize at the cell quarters, tethering actively partitioning plasmids at these specific subcellular sites.
L
ow copy-number plasmids are stably maintained in host Escherichia coli cells because of active partitioning mechanisms; in the cases of F plasmid and P1 phage, which is a plasmid in lysogenized host cells, these are specified by the sopABC and parABS genes, respectively (1) . SopA and P1͞ParA are similar in amino acid sequence and function, as are SopB and P1͞ParB. Both sopC and parS are cis-acting sites that function as centromere-like elements. In the case of the sopABC mechanism, the SopB protein binds to sopC. SopA interacts with the SopB-sopC complex to ensure proper segregation. Plasmids actively partitioned by the sopABC or parABS systems are localized at specific subcellular sites throughout the cell-division cycle (2) (3) (4) . In newborn cells, the plasmids are localized at midcell. Replicated plasmids are then rapidly relocalized at the 1͞4 and 3͞4 positions of cell length. The SopAB-sopC complex probably binds to unidentified host factors that localize at the cell quarters, tethering actively partitioning plasmids at these specific subcellular sites.
Many homologues of SopAB and P1͞ParAB have been identified in various plasmids and phages, and in fact several members are involved in the accurate partitioning of extrachromosomal elements (1, (5) (6) (7) . We therefore call these homologues the ParA and ParB families. Recent genome searches have revealed that genes of members of both families are found in many bacterial genomes (8, 9) . Homologues of the parAB genes are often located in a region near the replication origin (oriC) that is well known to conserve several gene homologues and similar gene order in Gram-positive and -negative bacteria (10, 11) . Members of both families play an important role in chromosome partitioning in Caulobacter crescentus (12) and Bacillus subtilis (13) . B. subtilis has the Soj and Spo0J proteins, members of the ParA and ParB families. Spo0J binds to multiple DNA sites in the origin-proximal 20% of the chromosome, which is organized into a compact chromosomal region including the replication origin (14, 15) . Thus, assembled Spo0J proteins migrate with the replication origin during the cell division cycle (16) (17) (18) (19) . In addition to a role in chromosome partitioning, plasmid molecules with the Spo0J-binding site (parS) are accurately segregated into daughter cells in B. subtilis, dependent on the Soj and Spo0J proteins (14) . Thus, the parS sequence functions as a cis-acting site for plasmid partitioning. On the other hand, almost all species in the proteobacterial ␥ subdivision, including E. coli, Shigella species, and Salmonella typhymurium, have neither parA nor parB genes on their chromosomes, at least of the genomes that have been sequenced so far. Instead, conjugative plasmids and temperate phages in these bacteria possess both parA and parB partitioning genes and a cis-acting site for stable inheritance in the host cells. In the above pathogenic bacteria, plasmids and phages are intimately related to the transfer of pathogenic and drug-resistance genes between and within species.
Here, we report a phylogenetic analysis of members of the ParA and ParB families. We also show that the ParAB partitioning mechanisms on chromosomes and plasmids may have evolved from an ancient one. To support this possibility, we also demonstrate that B. subtilis Soj and Spo0J proteins and a parS site can carry out accurate segregation of plasmids in E. coli cells. These findings indicate that host components involved in plasmid partitioning are highly conserved between Gram-negative and Gram-positive bacteria.
Materials and Methods
Bacterial Strains and Culture. CSH50 [ara, ⌬(lac-pro), strA, thi] (20) cells harboring miniF plasmids were grown in LB with 20 g͞ml ampicillin at 37°C, and cells in mid-log phase were transferred to nonselective LB without ampicillin at zero time. After 6 and 12 h, an aliquot of cells was spread on LB plates. To determine the percentage of cells containing plasmids that have an ampicillinresistant gene (bla), 300 colonies that had grown on the plate were streaked on LB plates containing 20 g͞ml ampicillin. Generation time (doubling time) was determined by turbidity of cultures.
Plasmid Construction. The plasmid pUC25E contains a B. subtilis chromosomal DNA segment including the soj and spo0J-parS genes. After digestion of pUC25E by EcoRI, the digested fragment including the soj and spo0J-parS genes was inserted into This paper was submitted directly (Track II) to the PNAS office. ‡ To whom reprint requests should be addressed. E-mail: hniki@lab.nig.ac.jp.
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the miniF plasmid pXX705 (2) at EcoRI sites, resulting in pXX762. A Spo0J-binding sequence, parS (TGTTTCACGT-GAAACA) (14) , was synthesized as the parS DNA fragment (49 bp) with BamHl sites at both ends. The parS DNA fragment was inserted into pXX762 and pXX705 at BamHI sites, resulting in pXX765 and pXX764, respectively. Plasmid pXX762 was digested with EcoRI to delete the DNA fragment including soj and spo0J-parS. Digested DNA fragments were circularized by self ligation, resulting in pXX766.
Homology Search and Phylogenetic Tree. BLAST (21) , phylogenetic trees were drawn by using TREEVIEW software (http:͞͞taxonomy.zoology.gla.ac.uk͞rod͞ rod.html). According to the annotation (source organism) in the description of registered amino acid sequences, we sorted members of the ParAB families into chromosome-derived (genes located on chromosomes) and plasmid-derived (on plasmid and phages) groups. A chromosome is defined by a replicon that has housekeeping genes (22, 23) .
Copy Number and Multimer Resolution. Total DNA was prepared from exponentially growing cells containing plasmids. DNA (250 g) was digested with BamHI and EcoRI, separated on a 0.8% agarose gel, and transferred to a positively charged nylon membrane. Hybridization was carried out by using both digoxigenin-labeled plasmid (pXX705) and oriC DNA-specific probes simultaneously. The oriC probe DNA segment was amplified from E. coli chromosomal DNA by PCR (24) . The hybridized probes were immunodetected and visualized with a chemiluminescence substrate CSPD (Roche Diagnostics). The intensity of detected bands was determined by lumino-image analyzer LAS-1000 (Fuji).
Plasmid DNA was extracted from exponentially growing cells by using a Qiagen (Chatsworth, CA) plasmid purification kit. Plasmid DNA was separated on a 0.6% agarose gel and detected bands by using the chemiluminescence reaction described above after Southern hybridization.
Fluorescence in Situ Hybridization. E. coli cells harboring pXX762 or pXX764 were grown in M9-minimal medium with proline (50 g͞ml), glucose (0.5%), and thiamine (2 g͞ml). To fix cells, an equal volume of fixation solution [methanol͞acetic acid (3:1)] was added directly to a bacterial culture growing exponentially in M9 medium at 37°C. The fixed cells were collected by centrifugation and suspended in 1͞10 volume of fixation solution. To detect plasmid DNA in fixed cells by in situ hybridization, we used the miniF plasmid DNA of pXX704 according to the procedure described previously (2, 24) . All images were recorded with a cooled charge-coupled device camera, 05810-01 (Hamamatsu Photonics, Hamamatsu City, Japan), by using a phase contrast and fluorescence microscope (Nikon).
Results

Phylogenetic Trees of the ParAB Families.
On the basis of amino acid sequences, homologues of SopA, SopB, Soj, and Spo0J proteins were sought by BLAST search. More than 50 homologues of SopA and Soj or SopB and Spo0J have been detected so far (Table 2 , which is published as supplemental data on the PNAS web site, www.pnas.org). For a given pair of partition genes, sopA-sopB, parA-parB, and soj-spo0J consist of an operon in that order. For present purposes, we therefore selected members of ParAB families from the BLAST results that show this gene organization. Amino acid sequence comparison of members of the ParA and ParB families appears to fall into two groups (Figs. 1A and 2A and supplemental Figs. 7 and 8, which are published as supplemental data on the PNAS web site). Members in one group are mainly derived from chromosomes, which we call the chromosomal group. Members in the other are mainly derived from plasmids, which we call the extrachromosomal group. Some amino acid residues were mainly conserved in the chromosomal group, whereas others were mainly conserved in the extrachromosomal group (Figs. 2B, 7, and 8). Phylogenetic trees of ParAB members revealed that the amino acid sequences of ParA and ParB proteins are well conserved when encoded by the chromosomes (Figs. 1 A and 2 A) . In contrast, those of ParAB on plasmids or phages were diverse, having only limited regions of similarity. However, several conserved motifs were found in all members of each family (Figs. 7 and 8) . In Fig. 1B , one of the conserved motifs in the ParB family is indicated as the ParB box.
Interestingly, the genomes of Vibrio species including V. cholerae consist of two circular chromosomes (25, 26) . Two sets of parAB genes are located on the V. cholerae chromosomes. The ParAB proteins specified by the smaller chromosome (Vcho 1.1) showed more similarity to ParAB members of the extrachromosomal group according to the alignment of amino acid sequences, whereas the ParAB proteins specified by the larger chromosome (Vcho 3.0) were closer to the chromosomal group (Figs. 1 A and 2 A) . The genome of Deinococcus radiodurans R1 consists of two chromosomes, a megaplasmid, and a small plasmid (27, 28) . This organism has four different ParAB pairs: two are located on the two chromosomes (Drad2.6 and Drad0.4), and the others are located on the megaplasmid. The ParAB pairs on the 2.6 Mb chromosome belonged to the chromosomal group. On the other hand, ParA homologues on the 0.4 Mb chromosome, and the megaplasmid belonged to the chromosomal group according to conserved amino acids residues, whereas ParB homologues belonged to the extrachromosomal group (Figs. 1B,  2B, 7, and 8 ).
The ParA͞MinD Superfamily Is an ATPase Family. MinD proteins, which regulate nucleation sites for the cell division protein FtsZ, show sequence homology to members of the ParA family (29) . A phylogenetic tree shows that MinD proteins belong to a subgroup of the ParA͞MinD superfamily (Fig. 1 A) . Both the MinD and ParA members share the Walker type ATPase domains (30) . ATPase activity is essential for biological function in MinD (29) , SopA (31), and P1͞ParA (32, 33) . Sequences in box IV of the ATPase motifs, which include the catalytic carboxylate for ATP hydrolysis, are relatively diverse in the various subgroups of the Walker type ATPases (34) . However, the sequences in box IV are highly conserved in ParA and MinD proteins, suggesting that the two proteins have similar functions involving ATP hydrolysis (Fig. 1B) . A conserved motif unique to MinD proteins was located adjacent to box IV and is indicated as the MinD box (six amino acids: GLRNLD).
B. subtilis ParAB Members Can Function Biologically in E. coli Cells.
We examined whether the Soj and Spo0J partitioning proteins can function in E. coli cells. Eight parS sites are located on the B. subtilis chromosome, and one of them is located within the coding region of spo0J gene (14) . We refer to the spo0J gene including parS as spo0J-parS. If Soj and Spo0J partition proteins and a parS site can function normally in E. coli, then a plasmid with the soj and spo0J-parS genes would be actively partitioned into daughter cells and stably maintained. The DNA segment including soj and spo0J-parS was inserted into an unstable miniF plasmid that had the sopABC segment deleted. In E. coli, this miniF plasmid (pXX762) was stably maintained under nonselective growth conditions (Fig. 3A) . However, the stability of the miniF plasmid with soj and spo0J-parS was less than that of a miniF plasmid with sopABC (pXX704). A miniF plasmid with only parS (pXX764) was as unstable as the miniF plasmid without sopABC (pXX705). As several parS sites are located on the B. subtilis chromosome (14) , the stability of a plasmid with multiple parS sites was tested. However, the presence of an extra parS site (pXX762) was not significantly effective in improving the stability of the miniF plasmid. When the DNA segment including soj-spo0J was deleted from the pXX762 plasmid, the deleted plasmid (pXX766) again became unstable in cells. These results suggest that the soj and spo0J-parS genes are able to ensure stable maintenance of the miniF plasmids in E. coli. We showed that the soj and spo0J-parS genes do not significantly affect copy number or multimer resolution of the plasmid, as is also true for the sopABC genes ( Fig. 3B and Table 1 ). 
Plasmids with B. subtilis ParAB Members Can Localize at the Cell
Quarters in E. coli. We next analyzed the subcellular localization of the actively partitioning miniF plasmid with soj and spo0J-parS by using fluorescence in situ hybridization and pXX704 DNA as probe. One or two fluorescence foci of pXX762 with soj and spo0J-parS and pXX764 with a parS site were detected in cells under the growth conditions used (Fig. 4) . However, there was a remarkable difference in the subcellular localization between the two plasmids. The foci of pXX762 (soj, spo0J-parS) were located primarily in the area occupied by host chromosomal DNA, whereas the foci of pXX764 (parS) tended to be located at or near cell poles. In addition, the foci of pXX764 (parS) were often located at the interstice between two nucleoids in long cells.
Statistical analysis of cells containing pXX762 (soj, spo0J-parS) showed that fluorescent foci in cells with a single focus were mainly localized at midcell (50.1% of the foci were localized at 40-50% of cell length; Fig. 5A ). In cells with two foci, the two were clearly separated (Fig. 5C ). The focus nearest to a cell pole (blue) was mainly located at or near the 25% position of cell length, and the other focus (red) was localized within the central half of the cell, most often at midcell. As shown in Fig. 6A , the foci of pXX762 (soj, spo0J-parS) were broadly distributed at 25-50% of cell length when distance was measured from each cell pole to the nearest focus in cells with two foci. These results suggest that the foci tend to be localized at the cell quarters. In contrast, cells with pXX764 (parS) had a single fluorescent focus located mainly near a cell pole (48% of the foci were localized at 0-20% of cell length; Fig. 5B ). In cells with two foci of pXX764 (parS), one focus was localized at or near a cell pole, and the other was localized either near the same pole, near the opposite pole, or at midcell (Fig. 5D) . It is known that miniF plasmids without an active partitioning system are often located at midcell, at the interstice between two nucleoids in long dividing cells (2) . Thus, the localization patterns of a plasmid actively partitioning via soj and spo0J-parS were remarkably similar to those of plasmids actively partitioning by parABS of P1 phage and sopABC of F plasmid (2) (3) (4) . Although the foci of pXX762 (soj, spo0J-parS) were broadly distributed around the 25% position of cell length, the foci of the miniF plasmid with sopABC (pXX704) were more precisely localized at the 25% position of cell length (Fig. 6 ). As shown in Fig. 3, pXX762 (soj, spo0J-parS) was less stable than pXX704 (sopABC).
Discussion
The B. subtilis soj, spo0J-parS partitioning mechanism functions in E. coil cells, despite the fact that the two species are well separated from each other in prokaryote phylogeny, diverging at least 1,200 million years ago (35) . It is plausible then that the basic mechanism used to determine subcellular positions (the cell quarters) for anchoring the ParAB partition complex is conserved and common among bacteria. Perhaps the mechanism is related to the cell division site that leads to the assembly of FtsZ protein, because the next cell division site is midcell, and 1͞4 and 3͞4 sites of the cell length are future cell division sites. In addition to conservation in almost all eubacteria, FtsZ homologues are widely distributed in eubacteria and plant species. It seems likely that a fundamental mechanism of determining midcell for cell division and partitioning appeared in an ancient unicellular organism. The plasmids with soj and spo0J-parS tend to be localized at midcell in E. coli. However, the replicated plasmids were not symmetrically distributed in growing cells. The plasmids were broadly distributed around quarter positions of cell length. Presumably migration from midcell toward the quarters is inefficient, and a significant fraction of migrating plasmids do not reach the proper positions. Alternatively, active tethering of plasmids to cell quarters, which may require binding of the ParB-plasmid DNA to specific subcellular components that are localized in the cell membrane at the cell quarters, may be inefficient. Although such components may be encoded in the chromosomes of both E. coil and B. subtilis, the amino acid sequences may not be optimally similar. This is likely because the ParB proteins are a diverse family. The lower stability of pXX762 (soj, spo0J-parS) probably reflects inaccurate positioning of foci at the 1͞4 and 3͞4 positions of the cells.
The parAB genes are conserved in chromosomal segments in the vicinity of the replication origin in various genomes, suggesting that the ParAB member may have been transferred from a chromosome to plasmids and phages. Therefore, plasmids and phages possessing a ParAB partitioning mechanism are easily established in the new host cells. It is thought that ParAB members in the extrachromosomal group are divergent because of the transfer of plasmids and phages among bacterial species.
In phylogenetic trees, a few exceptions in the grouping of ParAB proteins suggest a significant diversity of bacterial genomes. The ParAB sets in each chromosome of V. cholerae suggest that one of the two chromosomes is derived from a plasmid, i.e., a plasmid replicon had acquired essential genes for host growth so that the plasmid eventually became a heritable part of the genome. Interestingly, V. cholerae belongs to the proteobacterial ␥ subdivision, most of whose members do not appear to have parA or parB homologues on their chromosomes. V. cholerae may have diverged phylogenetically earlier than other species in the proteobacterial ␥ subdivision. Alternatively, parAB genes in the chromosomal group may have been laterally transferred into V. cholerae from other bacteria. In the case of D. radiodurans R1, it seems that parAB genes on the smaller chromosome and the megaplasmid are intermediates between the chromosomal and extrachromosomal groups, although the largest chromosome (Drad2.6) has parAB genes of the chromosomal group. These results support the hypothesis that the smaller chromosome and the megaplasmid were separately acquired from the largest chromosome (28) . Alternatively, du- plicated parAB genes may have been transferred into each chromosome or plasmid and then evolved independently.
The sequence of the MinD box is highly conserved in all bacterial MinD homologues examined so far. Additionally, MinD boxes were founded in eukaryotic homologues in Guillardia theta, Chlorella vulgaris, Mesostigma viride, Nephroselmis olivacea, Prototheca wickerhamii, Arabidopsis thaliana, and Oryza sativa, suggesting that these residues are very important for their function. In Chlamydia pneumoniae and Chlamydia trachomatis, members of the ParA͞MinD superfamily, were described as MinD homologues in the sequence annotation. However, both members seem to belong to the ParA family because of loss of the sequence of the MinD box (Fig. 1B) .
Recently, dynamic movement of the Soj protein was observed by using a fusion with green fluorescent protein in the B. subtilis cells (15, 36) . In the presence of Spo0J, Soj-green fluorescent protein oscillates from one pole to the other on a time scale of minutes. Previously, more rapid oscillation of MinD was observed in E. coli (37) . It is therefore expected that other members of the ParA family will show similar dynamic movement in cells. We are interested in the localization of SopA and Soj in living E. coli cells. The localization of these proteins fused with a fluorescent protein awaits further characterization.
